Introduction
It is now well established that cardiac resynchronisation therapy (CRT) is an effective treatment for advanced drug-refractory heart failure in selected patients. Large multicenter trials have shown that biventricular pacing improves symptoms and functional capacity, reduces admission for heart failure [1] [2] [3] and prolongs survival [3] . Nevertheless, about 20% of patients in these trials do not respond clinically. This may be due to a variety of reasons, such as non-delivery of left ventricular pacing (due to high pacing thresholds, or atrial arrhythmias with uncontrolled ventricular rate), inappropriate lead positioning, suboptimal device programming, or inappropriate patient selection. A major challenge lies in reducing the number of non-responders of this invasive and expensive therapy. Imaging techniques may play a role in selecting patients, targeting ideal pacing sites, and optimising device settings. Magnetic resonance imaging may be used to measure ventricular volumes and function, as well as for the quantification of ventricular dyssynchrony [4] . However, this technique is expensive and time-consuming, and may not be used for studying the patient once a device is implanted. Nuclear ventriculography with phase analysis is a promising technique for assessing ventricular function and dyssynchrony [5] , but has limited time resolution and does not yield information on mitral regurgitation (which may also be improved by biventricular pacing). Echocardiography on the other hand, may be used for evaluating all of these parameters, has excellent time resolution, and is widely available. It is therefore not surprising that it has been the focus of growing interest for studying CRT. This article provides an overview of the various echocardiographic techniques that are being used for this application.
Evaluation of cardiac dyssynchrony for patient selection
Heart failure may be associated with dyssynchrony at various levels. Atrioventricular dyssynchrony may be present due to long PR intervals, to interatrial conduction delay, or to delayed relaxation of the left ventricle associated with heart failure, resulting in fusion of the E and A waves of mitral inflow (and reduction in left ventricular filling time). Interventricular dyssynchrony may result from delayed ejection of one of the ventricles, this usually being the left ventricle in the setting of left bundle branch block. Finally, intraventricular dyssynchrony refers to delay in contraction of segments within the left ventricle, usually of the basal lateral wall [6, 7] .
There is growing evidence to suggest that presence of baseline ventricular dyssynchrony may be a marker for predicting favorable response to biventricular pacing. Even though QRS duration has been used as an inclusion criterion in all major trials, it has been shown that electrical dyssynchrony is not automatically associated with mechanical dyssynchrony, and vice-versa [8] . Mechanical dyssynchrony of the left ventricle may be absent in about 30% of patients with congestive heart failure and intra-ventricular conduction delay [8, 9] , and present in about 50% of patients with a QRS duration of ≤120 ms [8] [9] [10] . In a small single-center study [11] , biventricular pacing in patients with a narrow QRS and echographic evidence of dyssynchrony was shown to have comparable efficacy as in patients with bundle-branch block.
A variety of echocardiographic imaging modes have been used for evaluating dyssynchrony ( fig. 1 ). In addition, several measurement techniques have been used to assess dyssynchrony with each imaging mode, especially as regards tissue Doppler imaging (TDI). When evaluating dyssynchrony by the various echocardiographic methods, the reference timepoint for the different measurements is QRS onset. It is therefore mandatory to have a reference ECG of good quality. If dyssynchrony is evaluated during ventricular pacing, it is useful to program a unipolar pacing mode in order to use the pacing artifact as a reference point. Sweep speed should be set to at least 100 mm/s for reducing measurement error. Measurements should be averaged over 3-5 cycles. Recordings are particularly difficult to interpret during irregular heart rhythm, such as during atrial fibrillation, and have not been validated in this setting.
M-mode echocardiography
Pitzalis et al. [12] measured the "septal to posterior wall motion delay" (SPWMD) using M-mode on a parasternal short-axis view of the left ventricle at the papillary muscle level. The shortest delay between the maximal inward displacement of the septal wall and the posterior wall was measured, and a value of ≥130 ms found to have 85% accuracy for predicting reduction in left ventricular endsystolic volume (LVESV) index at follow-up after initiation of CRT. Recently, the same investigators have shown that this index is also predictive of clinical events [13] . However, this measurement may be difficult to interpret due to ill- defined maximal wall excursion (especially in patients with large anteroseptal myocardial infarction), and was not shown to predict clinical or echocardiographic improvement by other investigators [14] .
In the CARE-HF study [3] , M-mode imaging was used for evaluating inward displacement of the postero-lateral wall (in the parasternal long-axis view or the apical fourchamber view) after onset of left ventricular filling (E wave onset). An abnormal result would be an interval from QRS to E-wave onset that is shorter than to maximal displacement with M-mode ( fig. 2) . We have found this criterion to be far less likely to show intraventricular dyssynchrony than pulsed-wave TDI in the same patient [15] .
Conventional Doppler echography
Pre-ejection intervals from QRS onset to the beginning of ventricular ejection may be easily measured at the pulmonary and aortic valve levels using pulsed-wave Doppler ( fig. 3) . It is useful to place the Doppler volume at the leaflet tips to obtain a valve opening and closure artifact, as this will help to better define the measurement points. Interventricular dyssynchrony is calculated as the difference between these two measurements, otherwise known as the interventricular mechanical delay (IVMD). Normal delays have been defined as being <20 ms [11] or <40 ms [3] . Unpublished data from the MIRACLE study have shown that patients with a baseline IVMD of >40 ms had greater improvement in echographic parameters in response to biventricular pacing as compared to those with ≤40 ms [16] . In the same study, patients with an aortic pre-ejection interval of >160 ms were found in addition to have greater improvement in clinical outcome such as quality of life scores, six-minute walking distance and peak VO2 as compared to those with an interval of ≤160 ms [17] . In the recently reported CARE-HF study [3] , patients with a baseline IVMD of >50 ms showed a trend in better outcome (death or admission for heart failure) compared to those with <50 ms. 
Figure 3
Evaluation of interventricular dyssynchrony using pulsed-wave Doppler samples placed consecutively at the pulmonary (A) and aortic valves (B) to measure pre-ejection intervals (110 ms and 160 ms respectively), with QRS onset being used as a reference point. Interventricular delay is calculated as the difference between the two measurements, being 50 ms in this example (N <40 ms). Notice that this patient has a narrow QRS (100 ms).
Table 1
Endpoints used in echocardiographic studies for assessing response to biventricular pacing.
Reduction in LVESV by >15% [12, [25] [26] [27] Increase in stroke volume by >15% [50] Relative increase in LVEF by ≥25% [20] Increase in tissue velocities [24] NYHA class I or II [19] Reduction in 01 NYHA class + increase in six-minute walking distance by ≥25% [6] At least two of the following criteria [27] :
Reduction in ≥1 NYHA class Increase in six-minute walking distance of >50 m Improvement in quality of life score by >15 points LVESV = left ventricular end-systolic volume; LVEF = left ventricular ejection fraction.
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Tissue Doppler imaging
This is the imaging mode that has attracted most attention for studying CRT. Data may be acquired using either pulsed-wave TDI samples ( fig. 4A ), or using color TDI velocity curves ( fig. 4B ) available on some models (for example Vivid Seven / General Electric-Vingmed™ and iE33/Philips Medical Systems™). The latter technique allows offline measurement of myocardial velocities in different regions of the heart during the same cardiac cycle. This accelerates acquisition time considerably, and avoids variations in measurements at different cycles that are due to respiration and heart rate. The digitally-acquired data may also be processed for strain* and strain-rate** analysis.
Pulsed-wave TDI recordings have been measured to the onset of sustained systolic motion (Sm) [10, [18] [19] [20] (fig. 4A ) or alternatively to peak Sm [21, 22] . When using color TDI velocity curves, measurements have been most often performed to the peak of sustained systolic velocity [6, 9, [23] [24] [25] [26] , but also to maximal velocity occurring anytime after isovolumic contraction [27] . Numbers of left ventricular segments analysed have varied from 2 (basal septal and lateral) to 12 (all basal and mid segments).
As ventricular contraction has longitudinal, radial, and circumferential vector components, the signal obtained by TDI will depend on proper alignment of the Doppler beam with wall motion. TDI measurements should not be performed on akinetic segments. The lowvelocity signals recorded are difficult to interpret, and most likely reflect passive motion rather than contraction.
Interventricular dyssynchrony has been assessed by differences in delays between the lateral wall of the right ventricle and of the interventrical septum [19, 26] , or of the lateral wall of the left ventricle [6] , or of the most delayed segment of the left ventricle [20] . Normal values were assessed by Yu et al. in 106 control subjects [28] . Color TDI was used for measuring delays to peak Sm in 12 segments of the left ventricle and in the free wall of the right ventricle. Right ventricular activation was delayed as compared to the left ventricle by about 30 ms.
Intraventricular dyssynchrony of the left ventricle has been defined as the difference in delays between the septal and lateral walls [19, 23, 26] , between maximal and minimal delays [6, 9, 10, 20, 21, 27] , or as the standard deviation of delays in the 12-segment model [9, 21, 22, 25, 26] . In normal subjects, there is no significant difference in delay of activation between the different segments of the left ventricle, either as assessed using color TDI to peak Sm [28] , or using pulsed-wave TDI to Sm onset [29] .
Intraventricular dyssynchrony may also be assessed by presence of delayed longitudinal contraction of basal segments occurring during diastole (after closure of the aortic valve) [24] . Investigators have also used strain and strain rate for evaluating dyssynchrony [23, 24, 26, 30, 31] . This technique allows * Strain represents the extent of deformation of a tissue segment over time, and is expressed as the percent change from the original dimension. ** Strain-rate measures the rate of deformation of a tissue segment. These measurements allow differentiation of contraction from passive motion.
Figure 4
A Pulsed-wave TDI measurement at the interventricular septum measured to Sm onset (dotted line differentiation of passive wall motion from true contraction, but has not been shown to be superior than TDI velocity for predicting response to therapy [26] . The confusion created by the multitude of TDI measurement techniques is amplified by use of different endpoints for defining response to biventricular pacing (table 1). These include echographic parameters such as changes in systolic function (left ventricular ejection fraction [20, 24] and myocardial velocities [24] ) and ventricular remodeling (defined as a reduction in LVESV by >15%) [25] [26] [27] . More useful are clinical endpoints such as improvement in NYHA class, used either alone or in combination with improvement in 6 minute walking distance and quality of life scores [6, 19, 27] .
Bax et al. [6] have recently reported data on the utility of TDI for predicting response to biventricular pacing in 85 patients. Intraventricular dyssynchrony with >65 ms delay between 4 basal segments predicted clinical response at 6 months (improvement by 01 NYHA score and 025% six-minute walking distance) with 80% sensitivity and specificity. The same cutoff predicted reverse remodeling, defined as a 015% reduction in LVESV, with 92% sensitivity and specificity. Prognosis at one year (cardiac mortality and admission for heart failure) was better in patients with baseline intraventricular dyssynchrony than in those without this criterion (6% vs 50%; p <0.001). However, this single-center experience has yet to be confirmed on a more widespread basis, before being adopted universally for patient selection.
Yu et al. [32] have reported that a left ventricular dyssynchrony index of >32.6 ms (the standard deviation of time to peak systolic velocity measured on 12 basal and mid segments) was 100% sensitive and specific for identifying responders with reverse remodelling. In another series, they also evaluated 16 different parameters of intraventricular dyssynchrony, and found that the dyssynchrony index was the only independent predictor for response [26] . However, the very same parameter was not predictive of clinical or echographic response when evaluated by other investigators [33] , most probably due to differences in measurement technique. This underlines the necessity of validating parameters in multicenter studies before applying them widely for patient selection.
In order to be adopted in the clinical setting, it would be preferable that time-consuming parameters be processed semi-automatically. A step in this direction is "tissue synchronicity imaging" (TSI) which codes regions in different colors according to local delays of peak tissue velocity. This technique has been shown to predict acute increase in stroke volume in response to CRT, but was not indicative of remodeling during follow-up [34] . TDI velocity curves can be sometimes difficult to interpret, even for an experienced practitioner. Therefore automated methods will have to undergo careful validation before being used in current practice.
Real-time 3D echocardiography
Since the advent of real-time 3D imaging, the full volume of the left ventricle is captured over 4 cardiac cycles during a breath-hold, and then reconstructed offline on an external worksta-
Figure 5
Real-time 3D reconstruction of the left ventricle during intrinsic rhythm and during biventricular pacing. Regional dyssynchrony is reduced by biventricular pacing, and global ejection fraction increased from 21 to 28% (adapted from [49] ). EF = ejection fraction.
Kardiovaskuläre Medizin 2006;9: Nr 5 tion using semi-automated endocardial border detection. This tool provides an easily appreciable display of resynchronisation by biventricular pacing with analysis of regional volumes and ejection fraction ( fig. 5) . Kapetenakis et al. [35] have reported that clinical responders had greater baseline dyssynchrony than nonresponders. The drawbacks of this method are incomplete visualisation of the entire left ventricle (especially of the apical segments of dilated hearts due to truncation by the pyramidal imaging sector), need for specialised equipment, and time-consuming post-processing.
Other imaging modes
Breithardt et al. [36] have assessed left ventricular dyssynchrony using phase analysis of septal and lateral wall motion in the apical four-chamber view in 34 patients in the PATH-CHF study. Dyssynchrony evaluated by this method predicted acute increase in dP/dt by biventricular pacing. Kawaguchi et al. [37] evaluated 10 patients using contrast-enhanced images in the four-chamber view for deriving a parameter referred to as cardiac variability imaging. Endocardial borders were traced manually to obtain regional fractional area changes plotted against time, yielding displacement maps. Both methods, however, have restricted availability, and assess dyssynchrony in a single plane.
Utility of echocardiography for the implant procedure and for targeting lead placement
Preoperative echocardiography may yield valuable information for the implanting physician. Right atrial size may influence choice of guide catheters to cannulate the coronary sinus. The coronary sinus is easily visualised in the apical four-chamber view with posterior tilt of the transducer. A persistent left superior vena cava may be identified by visualising a dilated coronary sinus and injecting microbubbles via a peripheral vein in the left arm. This anatomical variant results in the inability to perform a coronary sinus venogram for identifying target veins at implantation, and also results in unstable lead positions, making it often necessary to implant a left epicardial lead surgically. Peroperative transoesophageal echocardiography has been used by some operators to locate the coronary sinus ostium. This however requires general anaesthesia for airway protection, which limits its use for routine cases.
Echocardiography may also play a role in positioning of the left ventricular lead. Walls which have suffered from myocardial infarction and show evidence of non-viability (thinning, hyperechogenicity and dyskinesia) may be identified. It is nevertheless unlikely to implant the left ventricular lead in a zone of nonviable myocardium, as this will result in unacceptably high pacing thresholds.
It is not yet well defined whether myocardial walls that show latest mechanical activation should be targeted as pacing sites. Ansalone et al. [38] studied 31 patients who had been implanted with a biventricular pacemaker. Patients in whom the lead was positioned in proximity to segments that showed latest mechanical activation in sinus rhythm had greater improvement in echographic endpoints (ejection fraction and LVESV) on the day following device implantation. However, there were no significant differences between groups in clinical parameters such as NYHA class and six-minute walking distance after a week. An unanswered issue is whether the left ventricular site with latest activation should be measured in intrinsic rhythm, or during right ventricular pacing.
Device optimisation by echocardiography
Haemodynamic response to pacing may be affected by timing of the atrioventricular (AV) interval, affecting synchronicity of atrial and ventricular contraction. In addition, current biventricular devices have separate right and left ventricular channels that allow programming of an interventricular (VV) interval with right or left ventricular preexcitation. This may affect inter-as well as intraventricular synchrony, as the septal wall is usually activated by the right ventricular lead, and the lateral wall by the coronary sinus lead.
AV interval optimisation
Patients with heart failure may have E-A fusion assessed by pulsed wave Doppler at the mitral valve leaflet tips. Shortening the AV interval by pacing the ventricle will result in anticipation of the E wave of the following cycle, leading to dissociation of the E and A waves and prolongation of diastolic filling time. However, the AV interval should not be too short, as A wave truncation will result, compromising ventricular filling. Thus the optimal AV interval corresponds to the shortest interval that does not interrupt the end of the A wave. Sev-eral techniques have been described for optimising the AV interval:
The Ritter method ( fig. 6 ) This method has been validated in patients with atrioventricular block implanted with standard pacemakers [39, 40] , but not as yet for biventricular pacing. AV intervals are programmed to a short and to a long value (eg 50 ms and 150 ms), and the delay between QRS onset and the end of the A-wave (QA interval) measured at each setting. The following formula is then used to calculate the optimal delay: AVopt = AVshort + [(AVlong + QAlong) -(AVshort + QAshort)]. This may be simplified to: AVopt = AVlong -(QAshort -QAlong).
The iterative method
A long AV interval (eg 200 ms) is programmed and the AV interval decremented in 20 ms steps, until A-wave truncation is observed. The AV interval may then be incremented in 10 ms steps to obtain the optimal setting.
The aortic velocity-time integral (VTI) method
Measurement of aortic VTI by pulsed or continuous-wave Doppler is a surrogate of stroke volume, and may be measured at different programmed AV intervals. This method was recently evaluated in a study of 40 patients implanted with a biventricular pacemaker randomised to either an empiric AV interval of 120 ms or to individually optimised AV intervals [41] . Patients with optimised settings had greater improvement in NYHA class and quality of life at 3 months, although there was no difference in six-minute walking distance.
Limitations with all these methods are that the AV intervals are optimised in a supine, resting patient and at a given heart rate. These conditions obviously do not reflect haemodynamics in a patient who is active. Recently, Scharf et al. reported that the optimal AV interval is longer during exercise than at rest [42] .
VV interval optimisation
A simple method for optimising VV intervals would be to program settings that would result in least interventricular mechanical delay (IVMD). However, we and others have previously shown that reduced interventricular dyssynchrony is not correlated with improved left ventricular systolic function [21, 43] . Sogaard et al. [44] optimised settings by measuring averaged tissue Doppler imaging (TDI) velocities of the 16 left ventricular segments, and defined the optimal VV interval as that which resulted in the highest mean global TDI velocity. However, clinical impact of this technique for device optimisation has not been assessed. The few other studies that have evaluated sequential biventricular pacing by echocardiography have used pulsed-wave Doppler measurement of aortic outflow velocity-time integral (VTI) at different VV intervals [21, 45, 46] . The sample volume should be placed at exactly the same point in the aortic outflow tract at each setting. It is therefore important that a second person assists the examinator by manipulating the pacemaker programmer for changing device settings. Recordings should be taken at each setting and VTI measured offline. Impact of different settings will usually be of small magnitude, and measurement error may play a significant part in observed differences. Alternatively, continuous-wave Doppler VTI may be used (although this has only been so far reported for AV interval optimisation [41] ). This may result in less variability due to positioning of the Doppler sample. However, the contours of the signal may be less well defined compared to pulsed-wave Doppler, making it more difficult to obtain reproducible measurements. It is best to start with AV interval optimisation during simultaneous biventricular pacing. VV intervals may be optimised next. If the left ventricle is preexcited, the AV interval does not need to be modified. However, if the right ventricle is activated first, the AV interval must be reprogrammed by subtracting the VV delay from the optimal AV interval measured during simultaneous biventricular pacing.
Whether individually optimised VV intervals improves outcome in patients with biventricular pacing remains to be proven. Prospective randomised studies with clinical endpoints are still needed to establish the role of optimised VV intervals in CRT. A single nonrandomised study with 34 patients showed no difference in NYHA class and six-minute hall walk distance after three months of optimised sequential pacing, as compared to patients with simultaneous pacing [45] .
Conclusion
Echocardiography will probably play an increasing role in patient selection for CRT. A multitude of techniques are being evaluated, some of which are simple and rapid to perform, whilst others are more complicated and timeconsuming. However, accuracy of proposed indices for identifying responders to CRT is still equivocal. Prospective multicenter trials addressing these questions are currently underway and will hopefully clarify these issues. In the meantime, it is inappropriate to deny CRT to patients who fulfill currently accepted criteria [47, 48] simply because dyssynchrony may not be demonstrable by echocardiography.
The second major application of echocardiography in CRT is device optimisation, which may be helpful in a subset of patients. The technique is, however, relatively time-consuming. With the current growth in number of CRT implantations, many centers will not have the means to optimise devices in all their patients. A pragmatic approach would be to program nominal settings that are most likely to result in improvement, and focus tests on non-responders at follow-up.
